Abstract-This paper proposes a novel planar beam tracking antenna and brings a new prototype antenna in wireless communication systems. The proposed antenna consists of a magic-T, two antenna elements and two phase shifters. The main idea for the antenna is to adjust the phase shifter using the difference of the signals received by the two antenna elements to tilt the beam in the direction of the arrival wave. Theoretical discussion is presented to explain the concept. Both-sided MIC technology is effectively used to integrate the magic-T and the phase shifters with the antenna elements in a simple structure. A prototype antenna of the new design for E-plane beam tracking is fabricated, and the radiation pattern and return loss are measured. Simulated and experimental results of the beam direction vs. applied voltage are successfully compared, and the proposed concept is experimentally demonstrated. An antenna structure for beam tracking in H-plane is also demonstrated in this paper.
INTRODUCTION
A wide range of wireless technologies is currently used in wireless communication systems. Advanced technologies based on digital signal processing have been developed to fulfill the requirements of higher data rate, larger capacity and higher efficiency. Accordingly, multifunction and high performance microwave and millimeter wave components are also required to promote the wireless technologies [1] .
Development of advanced planar antennas based on RF signal processing is a revolution in the field of the wireless communication technology. These new generation antennas provide many important features such as low profile, light weight, low cost and ease of integration into arrays. These features make them ideal components for radars and modern communication systems, especially, for portable wireless devices. Properties of planar antennas have been discussed many times in many journals and proceedings [2, 3] . The radiation properties of the planar antennas were also investigated by using photonic crystal as substrate material [4] . Several types of advanced planar antennas have been developed for the RF signal processing [5] . These antennas are constructed with microstrip lines and slot lines on both sides of the substrate and microwave circuits such as a magic-T are integrated with antenna elements [6] . A direction of arrival estimation antenna [7] [8] [9] and beam steering antenna [10] are already presented.
Several research works have been done to enhance the evolution of beam tracking systems in wireless communications. Many tracking systems, i.e., manual/programmed steering, monopulse tracking, sequential amplitude sensing tracking (conical scan and step track) and electronic beam squinting are developed. A planar antenna for the beam tracking system was proposed for land vehicle satellite communications. A step back method by using an angular rate sensor is used in this system [11] . Another tracking phased array antenna system for the shipboard station in X-band satellite communications was described. This antenna has TX and RX antenna beams as well as a tracking beam where the beams are independently steered electronically in elevation and mechanically in azimuth [12] .
We have also presented a planar 10-GHz beam tracking antenna using a magic-T applying monopulse tracking mechanism [13] . The main function of beam tracking antennas is shifting their beam according to the received waves. The beam tracking antenna that we have proposed is also a novel antenna in the RF signal processing. The antenna was designed, fabricated and also measured experimentally.
In this paper, a novel 5.8-GHz planar beam tracking antenna is proposed. The advantage of the proposed antenna over digital processing beam tracking is low power consumption and rapid response due to the analog processing of the system. The concept and basic operation principle of the beam tracking antenna are discussed with theoretical calculations in Section 2. In Section 3, the structure and design of the antenna which integrates antenna elements and microwave circuits such as a magic-T and phase shifter are described. These microwave circuits are also briefly introduced in this section. Section 4 shows a prototype beam tracking antenna designed at the 5.8-GHz band for E-plane beam tracking. The measured results which demonstrate the concept of the proposed beam tracking antenna and the comparison between simulation and experimental results are also highlighted in this section. An H-plane beam tracking structure is newly proposed and demonstrated in Section 5. Finally, Section 6 concludes the paper. Figure 1 illustrates the basic block diagram of the proposed beam tracking concept. The proposed beam tracking antenna consists of two antennas, a magic-T and a phase shifter. A detector and controller circuit are attached to the proposed antenna to adjust the phase shifter. The phase shifter is used to change the phase of the signal received by one of the two antenna elements. By changing the phase shift value of the phase shifter to compensate the phase difference, maximum power is obtained by combining the two received signals. It describes that the beam of the antenna array shifts in the direction of the arrival wave. In the proposed antenna, a magic-T is employed to combine the two received signals and detect the phase difference of the signals received by the two antennas. As a magic-T is a microwave circuit that provides in-phase or anti-phase power division according to the input and output ports, the sum (Σ) and difference (Δ) of the received signals are easily obtained by using the magic-T. Figure 2 illustrates the operating principle of the proposed antenna. When arrival waves are received by the two antennas with angle θ as shown in Figure 2 (a), the waves have a phase difference ϕ. The relation of the arrival angle θ and phase difference ϕ is expressed in
BEAM TRACKING PRINCIPLE
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where d and λ are the antenna separation and wavelength, respectively. Hence, the sum (Σ) and difference (Δ) of the received signals are expressed in the following expressions:
where ϕ 0 and D(θ) are the phase shift value of the phase shifter and the radiation pattern of a single antenna element, respectively. The main objective of this antenna is to shift the main beam direction according to the arrival wave, i.e., make the Σ maximum. Figure 2 (b) illustrates the relation among two received signals, their sum (Σ) and difference (Δ) with a vector diagram. As shown in this figure and above expressions, Σ becomes maximum, and Δ becomes zero when ϕ 0 = ϕ. It means that the beam tilts in the direction of the arrival wave by adjusting the phase shifter to make the Δ minimum. Figure 3 shows the theoretical results of the radiation pattern of Σ and Δ signals calculated using Eqs. (2) and (3) is also plotted as a reference. Here, the radiation pattern of a single rectangular patch antenna is used for D(θ), which is expressed by the following expression [14] :
Theoretical Result
where β and L are the free space phase constant and patch length of the microstrip antenna, respectively. With the gradual increase of the phase shift ϕ 0 , the beam tilts to the right as shown in Figure 3 Figure 4 shows the structure of the proposed beam tracking antenna. Two microstrip antennas, a magic-T and two phase shifters are integrated on a substrate. Capacitors (9 pF) are used for DC cut. In this design, two phase shifters are used to tilt the beam to both directions. The magic-T and phase shifters effectively employ the both-sided MIC technology [6] . The input impedance of each antenna element is designed to be 100 Ω, and it is converted to the port impedances of 50 Ω using the magic-T and a quarter-wavelength impedance transformer. Biasing circuits used in the 10-GHz beam tracking antenna [13] are omitted in this 5.8-GHz antenna structure. The bias voltage of each phase shifter is applied via a probe at the center of the patch to change the phase shift value. 
BEAM TRACKING ANTENNA DESIGN
Antenna Design
Magic-T
Recently, integrated magic-T structures have been widely used in microwave circuits and systems. The magic-Ts are four-port devices that offer in-phase and anti-phase signal division between their two output ports [15, 16] . Figure 5 shows the basic structure of the magic-T used in the proposed antenna and its equivalent circuit. The magic-T is a combination of a microstrip line T junction and a slot-to-microstrip line T branch. The impedance of Port M1 is half of the impedance of Ports M3 and M4. On the other hand, the impedance of Port M2 is the double of the impedance of Ports M3 and M4. The signals fed from Ports M3 and M4 with the same phase are combined, and the combined signal emerges at Port M1, as the microstrip line T junction is a parallel branch. On the other hand, as the slot-to-microstrip line T branch is a series branch, the signals fed from Ports M3 and M4 with anti-phase are combined, and the combined signal emerges at Port M2. Ports M1 and M2 are isolated due to the difference of the propagation modes of the microstrip line and slot line. Figure 6 shows the simulated performance of the magic-T. As shown in Figure 6 (a), the return losses of Ports M1 and M2 are better than 20 dB at 5.8 GHz, while the insertion losses of the in-phase signal (S 31 , S 41 ) and anti-phase signal (S 32 , S 42 ) are less than 3.1 dB and 4.1 dB, respectively. The isolations (S 34 , S 12 ) are better than −19.9 dB and −84.1 dB. Extremely high isolation between Ports M1 and M2 is achieved. Figure 6 Ports M3 and M4, the sum and difference of the signals are separately obtained at Ports M1 and M2, respectively. However, the sum (Σ) and difference (Δ) of the received signals are respectively obtained at Port 1 and Port 2 in Figure 4 because the two microstrip antennas are fed from the opposite sides of the patches. The simulation is performed by Keysight Technologies' ADS simulation software. Figure 7 shows the structure of the phase shifter which consists of a de Ronde's coupler [17] and varactor diodes. The de Ronde's coupler is constructed with a microstrip line and slot line, and it provides a π/2 hybrid function with a simple structure. Two varactor diodes are attached to Ports R2 and R4 of the coupler, and the phase shift is obtained by changing the bias voltage of the varactor diodes. The signal received from the antenna element is applied to Port R1 as input, and the output of the phase shifter is received from Port R3 in different phases by applying different bias voltages. Hence, the beam direction θ changes by changing the bias voltage. Figure 9 shows the relation between the phase shift value ϕ 0 and applied voltage of a prototype phase shifter. The red line indicates the simulated result, and the blue line shows the measured result. In the simulation process, the relation between the phase shift value ϕ 0 and the applied voltage is calculated by Keysight Technologies' ADS simulation software. For this simulation purpose, capacitors are used instead of the varactor diodes. The value of the capacitor is tuned from 2 pF to 0.225 pF which is equivalent to 1 V to 10 V (calculated by the data sheet of the varactor diode (MA46580)). Thus the phase shift value ϕ 0 can be obtained with respect to its applied bias voltage. The value of the beam directions can be calculated by using Eq. (1). The experiment procedure is done by using a network analyzer. In Figure 9 , both simulated and measured plots are upward, which means that the phase shift value (i.e., beam direction) changes with the increase of the bias voltage. 
Phase Shifter
Result and Discussions
Measurement is done by using a network analyzer (HP8510C) in an anechoic chamber. The bias voltage of each phase shifter is applied via a probe at the center of the patch as shown in Figure 10 . Figure 11 shows the return loss plots of Port 1 and Port 2 of the fabricated 5.8-GHz beam tracking antenna. Return losses of different voltages are shown in these plots. Better than 10-dB return loss is obtained at 5.8 GHz at both Port 1 and Port 2 regardless of the bias voltage. Figure 12 shows the measured radiation patterns of the Σ and Δ signals. The proposed antenna is placed at the receiver side. The phase shifter is adjusted by changing the bias voltage of the varactor diodes. In this experiment, the bias voltage is applied to the Right Phase Shifter (RPS) and increased from 1 V to 5 V and 9 V, where the bias voltage of the Left Phase Shifter (LPS) is fixed to 1 V. As shown in these figures, the beam of the Σ signal tilts to the right by increasing the bias voltage of RPS. Null of the Δ signal also shifts to the right. On the other hand, when the bias voltage of LPS is increased and that of RPS is fixed to 1 V, the beam shifts to left as null of the Δ signal. The proposed structure provides the beam tracking only in E-plane. In the proposed configuration, the Δ signal is used to determine the phase shift, i.e., angle of arrival. High detection accuracy is expected because the null of the Δ signal is sensitive to the angle of arrival as shown in Figure 12(b) . Table 1 shows a comparison between calculated and experimentally measured results of the relation between beam direction and bias voltage. The calculated beam direction is obtained from the simulated result of the 5.8-GHz phase shifter. As shown in Table 1 Figure 12 (a). From the comparison of the data, it is observed that the measured result is almost similar to the calculated data, and it fulfills the basic theoretical concept of the proposed antenna. 1), where phase shift value is obtained from the simulation result of the phase shifters for two different frequencies. These results are consistent with measured ones. The beam shifting operation of the 5.8-GHz antenna is larger than the 10-GHz beam tracking antenna as the same varactor diodes are used in the phase shifters for both the frequencies.
H-PLANE BEAM TRACKING ANTENNA DESIGN
Structure
By using the antenna structure of Figure 4 , the beam tracking in E-plane can be achieved. To achieve H-plane beam tracking, this paper proposes a new antenna structure. Figure 16 shows the simulated reflection coefficient of Port 1 and Port 2. The reflection coefficient is less than −10 dB at the designed frequency of 5.8 GHz. Figure 17 shows the simulated radiation pattern of Σ and Δ signals in H-plane. 9.6-dBi gain is observed for Σ signal, and null of Δ signal is detected at around −7 dBi. This result is simulated at zero phase shift value as the diodes are replaced by open circuits. The simulated gain is almost equal to the simulated gain of the E-plane beam tracking antenna. By changing the phase shift value and observing the null point of Δ signal, beam tracking operation can be perceived. Therefore, beam tracking performance in H-plane can also be achieved as that in E-plane. 
Simulation Result
CONCLUSION
A new beam tracking concept is proposed, and a 5.8-GHz prototype beam tracking antenna is designed, fabricated and measured. The proposed concept is successfully confirmed by the theoretical, simulated and measured results of the proposed antenna. By using a magic-T, the beam tracking function can be achieved in a simple configuration suitable for a planar antenna. A different configuration antenna is also proposed in this paper to accomplish the beam tracking in H-plane. This concept can give a scope of future work for the beam tracking principle. The proposed antenna can be used for a wide variety of applications in wireless communications and radar technology.
